The present work was aimed at determining the feasibility of applying the extant kinetic technique to evaluate the ability of the biomass to degrade specific organic pollutants at full scale facilities and to determine the ability of these kinetic parameters to predict effluent concentrations of the target compounds. Biodegradation of acetate, ethylene glycol, acetone, and furfural was studied at two full scale facilities, the Cedar Rapids Water Pollution Control facility and the Boone Water Pollution Control Plant. Acetone and ethylene glycol biodegradation at Cedar Rapids exhibited fairly stable kinetic parameters over the entire period of observation.
INTRODUCTION
Our ability to predict the performance of wastewater treatment systems depends on accurate kinetic models and reliable methods for determining the model parameters. Current models for the prediction of effluent quality from activated sludge wastewater systems can successfully predict their performance with respect to organic matter oxidation, nitrification, denitrification, and even phosphorus removal (Henze et al., 1987; Wentzel et al., 1989) . The methods to determine the stoichiometric and kinetic parameters for these models are also well developed (Grady et al., 1999) . The ability to determine the fate of individual synthetic organic chemicals by a particular fraction (competent fraction) of biomass is not as well developed.
Knowledge of the biodegradation kinetics of a chemical contaminant in a multicomponent wastewater is necessary for the application of reactor engineering principles to predict effluent concentrations under various operating conditions. With this information, the design engineer can make decisions regarding process alternatives with the goal of achieving a cost-effective design that will have a high probability of meeting permit requirements. Obtaining accurate biodegradation kinetic parameters is also essential for wastewater operation engineers to adjust operating parameters to meet discharge requirements.
Traditionally, methods to ascertain multicomponent substrate biodegradation are time consuming and expensive. Extensive lab-and pilot-scale studies are required to quantify biodegradation kinetic parameters, and the use of these parameters has often proven to be inadequate to predict effluent concentrations in full-scale systems (O'Brien, 1991; Rozich and Gaudy, 1985) . Therefore, there is a need for more accurate approaches for determining biodegradation kinetics that will minimize the time, complexity, and cost of treatability studies and increase the likelihood of success.
The extant kinetic measurement technique developed in recent years (Ellis et al., 1996a) has enabled the rapid measurement of biokinetic parameters. The term extant means "currently existing" (Grady et al., 1996) . The extant technique used in this research utilized batch respirometric data to determine the kinetics of biodegradation. A low concentration of the target compound was injected into a biomass sample and the oxygen uptake rate (OUR) was measured. The difference in OUR before and after injection reflects the rate of degradation of the injected compound. Kinetic parameters were evaluated by fitting observed dissolved oxygen (DO) depletion curve with the selected kinetic model. A unique feature of the technique was the low substrate concentrations relative to the concentration of biomass in the batch test. As a result, changes in physiological state of the biomass were minimal. In laboratory scale studies extant kinetic parameters have been shown to better predict effluent concentrations in bioreactors than kinetic parameters measured by traditional methods (Grady and Magbanua, 1996) . Other important advantages of the extant technique are that it is simple enough to be used by wastewater treatment facility personnel, and does not require elaborate and expensive equipment. It should noted that the total OUR was measured directly in respirometric tests. In order to evaluate the maximum specific rates of biomass growth and substrate utilization, the concentration of biomass that degrades the injected compound (competent biomass) should be known.
In many cases, the tested organic compounds only contribute a small fraction of the total influent organic matter. Thus, it is likely that not all the biomass will have the enzymatic capability to degrade the target compounds. Several studies performed to evaluate the competent biomass concentration provide evidence that it can be approximated as a fraction of the influent COD contributed by that compound relative to the total biodegradable COD (e.g. Blackburn et al., 1987) . To evaluate this approach, Magbanua et al. (1998) conducted experiments in which biomass was grown in laboratory scale activated sludge systems receiving a multicomponent feed. Competent biomass concentration in the mixed liquor was measured using the most probable number (MPN) technique with selected target compounds as a sole carbon source. Six target compounds were studied: 4-chlorophenol, isophorone, 4-nitrophenol, phenol, m-toluate and m-xylene. For all the compounds except phenol, the influent COD fraction was found to underestimate the fraction of competent biomass by a factor of about 1.5 to 3. Since there is still some uncertainty on the evaluation of the competent biomass concentration and the usefulness of the COD fraction as an estimate of the competent biomass, a new methodology is proposed in this research.
OBJECTIVES
The present work was aimed at determining the feasibility of applying the extant kinetic technique to evaluate the ability of the biomass to degrade specific organic pollutants at full scale facilities. The goal was achieved through the following specific objectives:
• collecting data on influent and effluent concentrations of selected organic compounds at full scale treatment facilities • evaluation of the competent biomass concentration • evaluation of the short and long term variability of extant kinetic parameters • comparison of the predicted effluent concentrations using measured extant kinetic parameters with actual effluent concentrations in full scale treatment facilities
METHODOLOGY
Full scale facilities and target compounds.
Information on cooperating wastewater treatment facilities is summarized in Table 1 "Full scale facilities and target compounds". The plants in Table 1 are municipal and industrial wastewater treatment plants. The Boone facility treats primarily domestic wastewater, whereas Cedar Rapids facility is a pure oxygen activated sludge plant that treats about 60% of industrial wastewater. Extant kinetic tests were also carried out at Cedar Rapids and Boone for compounds not listed in Table 1 (e.g. o-and p-xylene, benzene, toluene, methyl-ethyl ketone, linear alkylbenzene sulfonate and alkyl sulfate), but the selected compounds showed consistent biodegradation response and were the focus of the study.
Extant kinetic test.
The experimental setup and methodology followed those of Ellis et al. (1996a) . Respirometers (250 mL) were filled with biomass and oxygenated to a dissolved oxygen (DO) concentration in the range of 10-18 mg/L. About three minutes after a stable endogenous rate was observed and data collection was initialized, 2 -2.5 mg/L as COD of target compound was injected into the respirometer. The data collection was terminated when the DO dropped below 1 mg/L. Fresh biomass was used for each compound tested.
Evaluation of the decay coefficient.
To evaluate the decay coefficient, batch tests were carried out in which the OUR of the biomass from the Cedar Rapids facility was measured. The biomass was aerated over a three day period. Each day a sample of the biomass was taken and used to measure the OUR at 25 o C. OUR measured after 1 day of aeration was higher than that observed after two and three days probably due to the presence of residual organic matter in mixed liquor. The OUR after 2 and 3 days of aeration remained constant, indicating that the residual biodegradable organic matter had been removed, and the OUR reflected the rate of endogenous respiration. A first order equation was used to describe the rate of endogenous respiration:
If the biomass concentration is expressed in mg COD/L Equation 1 can be rewritten:
Equation 2 was used to evaluate the value of the decay coefficient.
Calculation of the competent biomass fraction.
In the extant kinetic test the total biomass growth rate (μ X), half-saturation coefficient (K S ), and yield coefficient (Y) are measured direclty as a function of the oxygen upatke rate (Ellis et al., 1996a) . In order to determine the maximum specific growth rate (μ ), an estimate of competent biomass concentration (X) is required. As discussed previously, the fraction of COD contributed by the test compound is often used (Magbanua et al., 1998) . In this study an alternative methotology was used to estimate the competent biomass fraction.
A mass balance on biomass in an ideal completely mixed activated sludge system results in an expression for the effluent substrate concentration as shown in Eq.3.
Where: θ C = SRT, day μ = maximum specific growth rate, day -1 S e = effluent concentration of the target compound, mgCOD/L K S = half-saturation coefficient, mg COD/L It is evident from this expression that the effluent concentration of substrate is solely a function of the solids retention time (θ C ) and the Monod kinetic parameters. In this study, the effluent concentrations of several specific target compounds were measured. During the calibration period, the μ value was calculated from Eq.3 using measured S e , K S , k d and θ C values. This calculated μ value was used to estimated the competent biomass concentration from the measured μ X values in the extant respirometric test. The estimated X values were compared to the mixed liquor volatile solids concentrations (in units of mgCOD/L) to determine a fraction of competent biomass described as a percentage of the total biomass. The competent biomass fraction estimated during the calibration period was used during the validation period to determine the μ values from experimentally measured μ X values.
Analytical methods.
The biochemical oxygen demand(BOD), chemical oxygen demand (COD), mixed liquor suspended solids (MLSS), and mixed liquor volatile suspended (MLVSS) concentrations were measured in accordance with Eaton et al.,1995. Acetone and furfural concentrations were measured in the influent and effluent of the Cedar Rapids facility. Samples were analyzed within 24 hours after sampling. To prevent biodegradation, hydrochloric acid was added immediately after sampling to reduce pH to approximately 1.5. Acetone was concentrated using Purge and Trap method and analyzed on gas chromatograph (GC) with mass spectrometer (MS) as a detector by the Cedar Rapids laboratory personnel. A method detection limit study indicated that furfural in Cedar Rapids influent and effluent could be measured using high performance liquid chromatography (HPLC) with UV detection. Sample concentrating was found to be unnecessary. The best separation and sensitivity were obtained under the following conditions: • Mobil phase: methanol : water, 50 : 50 • Flow rate 0.5 mL/min • UV detector wavelength: 280 nm (high intensity) The detection limits for the Cedar Rapids WPCF influent and effluent were estimated as 0.120 mg/L and 0.040 mg/L, respectively.
Evaluation of the competent biomass fraction.
During the calibration period, the values of competent biomass concentration for acetone and furfural estimated from the measured kinetic parameters and affluent concentrations using Eq.3 were 2.3 and 1.8 percent of the mixed liquor volatile solids concentration, respectively (see Table 2 . " Determining competent biomass fraction"). Those values are higher than influent COD fraction contributed by the above compounds by more than an order magnitude. This difference is more significant than that reported Grady and Magbanua (1996) , who found that influent COD fraction tends to underestimate competent biomass by a factor of 1.5 -3. It should be noted that if the competent biomass fraction was calculated using the fraction of the target compounds in the influent COD, the values of μ derived from the measured μ X values in the respirometric tests would have been unreasonably high (2 -4 hr -1 ).
A possible reason for the underestimation of competent biomass when using influent COD fraction is an ability of microorganisms to degrade multiple substrates. Since the compounds studied were only a small fraction of total influent organic matter, competent biomass growth evidently resulted from the degradation of both target compounds and other available substrates. In other words, microorganisms that have an enzymatic ability to degrade acetone and furfural do not necessarily use them as a sole carbon source. The conditions in respirometric tests are different: after injection of target compound, it contributes a significant part of degradable organic matter. However, the initial concentration of the target compound does not exceed 10% of the estimated concentration of the competent biomass and is not sufficient to cause significant changes in microbial population. Additionally, the time of biomass exposure to target compound is not long enough for microorganisms to generate new enzymes. Consequently, the OUR measured in extant kinetic test with a single substrate reflects the degradation rate in wastewater treatment system in the presence of multiple substrates. Previous studies have shown that the presence of multiple substrates does not significantly affect the degradation kinetics of single substrates in extant tests (Ellis et al., 1998) .
The average values of the competent biomass fraction in Table 2 were used to calculate maximum specific growth rates and predicted effluent concentrations. It was assumed that this value remains constant throughout the study.
Variability of extant kinetic parameters.
Long term variability data of the extant kinetic parameters are summarized in Table 3 "Variability of measured extant biodegradation parameters for ethylene glycol, furfural and acetone" and Figure 1 "Variability in extant kinetic parameters". Values in Table 3 represent averages of the data obtained from the extant kinetic test carried out on weekly basis. Long term variability was evaluated by comparing the mean values of the kinetic parameters calculated at each of the three month periods. Acetone and ethylene glycol biodegradation by the biomass from Cedar Rapids WPCF exhibited fairly stable kinetic parameters over the entire period of observation. Mean values of all the parameters varied within a 20 % range. The three month mean values for furfural at Cedar rapids and ethylene glycol at Boone varied within a range of 300 % and 100 %, respectively.
Standard deviations of the mean values within each of the 3 months period were used as a measure of the short term variability. Observed standard deviations were less than 60 % for K S and less than 50 % for the rest of parameters. Variability in laboratory scale reactors operating at steady state typically exhibit standard deviations of approximately 40-50% of the mean value (Bielefeld and Stensel, 1999; Ellis and Anselm, 1999; Ellis et al., 1996b) . It can be concluded therefore, that short term variability of extant kinetic parameters in full scale treatment facilities is similar to that in laboratory scale systems operated at steady state. Low short term variability also suggests that high long term variability observed for furfural and ethylene glycol is likely to be a result of changes in biomass activity and not of the experimental error introduced by extant kinetic technique.
Prediction of effluent concentrations.
Eq.3 is widely used to predict effluent concentrations in activated sludge systems (e.g. Grady et al., 1985) . It should be noted that decay coefficient must be determined independently and the competent biomass concentration should be known to evaluate the value of μ . Figure 2 have also been reported (Barnard, 1975) . Grady et al. (1999) suggests that the value of decay coefficient is dependent on both the species of microorganisms and the type of substrate on which they were grown and can therefore, vary in a wide range. As it was noted above, 60% of influent organic matter at Cedar Rapids plant is contributed by industrial wastewater. Thus, properties of chemical composition of the influent could be a reason the low value of the decay coefficient.
Evaluation of the decay coefficient is shown in
During the validation period, maximum specific growth rate (μ ) was calculated using measured total growth rate (μ X) and values of competent biomass fraction calculated during the calibration period (see Table 2 ). Limited data in Table 2 do not allow an evaluation of the variability of the competent biomass fraction for the target compounds. In all the calculations of μ it was assumed to be constant.
Eq.3 is derived from biomass balance for completely mixed reactor (Grady et al., 1999) . Alternatively, a mass balance on substrate in an ideal completely mixed activated sludge system can be used. At the steady state, substrate mass balance can be expressed as follows: It can be seen from Eq.5 that estimation of the effluent substrate concentration by this method is dependant on the influent substrate concentration, hydraulic retention time, and measured kinetic parameters (qX and K S ). In this approach, knowledge of the decay coefficient is not required. This approach also incorporates the measured total biodegradation rate (q X= μ X/Y) instead of the specific rate (q). Consequently, an estimate of the competent biomass fraction is not required in order to use Equation 5, but the influent concentration must be known. If all the kinetic parameters are evaluated accurately and the system is operated at steady state, Equations 3 and 4 are expected to predict same effluent concentration. Predicted effluent furfural concentrations are close to those measured at Cedar Rapids facility (See Table 4 "Measured and predicted effluent furfural concentrations"). Although measured over a relatively short period of time, data in Table 4 indicate that extant kinetic parameters can provide a fairly good prediction of the effluent concentrations. Equations 3 and 4 gave close predictions indicating 1.8% was an accurate estimate of the fraction of biomass able to degrade furfural.
Measured and predicted effluent acetone concentrations are shown in Table 5 "Measured and predicted effluent acetone concentrations". Data in Table 5 indicate that both measured and predicted effluent acetone concentrations vary in a wide range with no clear correlation between them. This can be due to the wide variation in the influent concentration. It can be seen that acetone concentration in the influent varied from 62 µg/L to 595 µg/L during the observed period of time. Considering this and a low SRT (1-1.5 day) at the Cedar Rapids facility, it can be concluded that the system was not operated at steady state with respect to acetone degradation. This can also be one of the reasons of significant difference in predictions obtained from Equations 3 and 4. Another possible reason can be that the actual fraction of degrading biomass used to calculate the value of μ , was not constant at 2.3%.
Based on the data in Table 4 and 5, it can be concluded that extant kinetic parameters can provided a good estimate of effluent concentrations. However, if influent concentration varies significantly, incorporating extant parameters into a steady state model may lead to inconsistency in predicted effluent concentrations.
CONCLUSIONS
The following conclusions can be drawn based on the results of the present study:
• Short term variability of extant kinetic parameters measured at full scale facilities was similar to that reported for steady state laboratory scale systems.
• Long term variability observed over a 12 months period was low for acetone and ethylene glycol at Cedar Rapids. The higher variability observed for furfural at Cedar Rapids and ethylene glycol at Boone was likely a result of changes in biomass activity.
• The use of the model calibration period and measured kinetic parameters was an effective way to determine the competent biomass concentration.
•
The fraction of biomass with the enzymatic ability to degrade a certain compound is significantly higher than the fraction of influent COD contributed by that compound. This suggests that the competent biomass derived a significant portion of their carbon and energy requirements from other substrates. • Extant kinetic parameters provided a good prediction of the effluent furfural concentration over a 3 week period.
• Predicted and measured effluent acetone concentrations over a 2 months period varied significantly. No clear correlation was observed between the influent and effluent concentrations. That was likely due to the fact that the system was not operated at steady state with respect to acetone degradation. 
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